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Abstract: In this study, olive pit powders were added to a polyurethane-acrylate paint for examining
the impact of two alternative functionalization processes in increasing the filler hydrophobicity in an
effort to increase the durability of the paint. In order to look into potential changes in morphology
and appearance owing to the surface conversion treatments of the two bio-based additives, the
coatings were examined using electron microscopy and colorimetric tests. The coating’s resilience
and the hydrophobic/hydrophilic role of the fillers were evaluated by salt spray chamber exposure,
contact angle measurements, paint liquid resistance, UV-B exposure, and electrochemical impedance
spectroscopy measurements, which highlighted the reduction in water absorption inclination of the
filler made of lignocellulose due to the silane and wax functionalization. This study demonstrated
that the bio-based filler, if properly functionalized, can actually be implemented as multifunctional
pigment in waterborne paints, giving specific aesthetic characteristics, but also improving the barrier
performance of the polymeric matrix and increasing the durability of the composite coating.
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1. Introduction

The prices of raw materials have continuously increased during the last century, due
to an unsustainable linear economy. Because to this process, resources are becoming more
precious, the environment is being irreparably scarred, and waste is amassing [1]. As a coun-
teroffensive to this phenomenon, a new type of economy, defined as ‘regenerative’, is devel-
oping. This strategy focuses mostly on elements like the circular production/consumption
system with the intention of minimizing the impact on the environment [2]. In this scenario,
sustainable sources, such as bio-based materials, are applied to replace the petroleum-based
products, in order to optimize the waste management systems. For example, the applica-
tion of purely natural fillers or deriving from industrial trash is attracting great interest
in the field of composite materials and coatings [3,4]. In fact, the entire business district
is constantly looking for sustainable and multifunctional replacements to the standard
artificial additives [5,6], which, historically, do not consider aspects such as environmental
sustainability [7].

Nowadays, food and natural waste represent important resources for the creation of
fillers, which, in addition to giving fresh identity to the recycled material, add value to the
composite product and reduce its production costs [8]. For instance, a study estimated that
the percentage of bio-based feedstock used in the manufacturing of products will rise from
5% in 2004 to 12% in 2010, and then to about 18% in 2020. In 2030, the same study predicts a
further 25% growth in use [9]. This phenomenon is supported by the international industry
of agriculture and food manufacturing, which produces around 140 billion tons of biomass
leftovers annually: these scraps might be a source of inexpensive, plentiful, and renewable
resources [10,11].
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Considering these aspects, the industrial sector is increasingly turning to the applica-
tion of bio-based additives in polymeric materials with natural sources or generated from
agricultural and food refuse [12]. The chicken eggshells (ES), for example, representing the
greatest calcium carbonate natural resources (95%) to find in bio-waste condition [13], are
widely employed as bio-filler in polypropylene hybrid material [14], acrylic coating [15],
chitosan nanocomposite [16], and intumescent coatings [17,18] as a substitute to the stan-
dard industrial calcium carbonate. Similarly, the debris from various mollusks’ seashells is
an endless supply of CaCOj3, which may be employed to enhance the mechanical [19,20]
and thermal [21] properties of bio-composites as well as the performance of the coating in
terms of smoke suppression and flame retardancy [22,23]. Finally, the enormous amount of
waste generated by the agro-industrial field can be applied as a cost-effective and valuable
filler. For example, almond shell [24], pistachio nutshell [11], apricot, argan shell [25],
cherry seeds [26], peanut shell [27], avocado seed [28], rice husk, groundnut shell, and
coconut shell [29] powders have been studied and employed as fillers for the improvement
of the physical and thermal characteristics of polymer matrix composites.

However, the olive is possibly the most attractive bio-filler resource out of all food
processed by-products. Despite the high-tech industrialized processes [30], the olives;
production and processing field generates a relevant amount of biomass by-product, with
consequent critical challenges with handling and processing. Nevertheless, the current
eco-friendly regulations enforced on the olive oil industry [31], in synergy with a more
sensitive culture, are concretely enhancing the waste of the olive oil business district, both
economically and considering environmental protection.

The olive stone is made of a complex structure of microfibrils, which are made up of
three different chemical substances, including cellulose, hemicellulose, and lignin [32].
It stands for the most significant leftover from the production of olive oil. Consequently,
olive stone derivatives have also been employed as fillers in polymers, such as ther-
moplastics [33,34] and thermosets [35-37], with the aim of reducing the environmental
impacts of the bio-based component [38]. The introduction of olive stone into the poly-
mer results in a rise of the elastic modulus of the composite material, with the outcome of
reduced tensile strength and elongation at break [39,40]. Moreover, the granules decrease
the polymer impact strength, as they function as stress concentrators in the matrix [41],
but the bio-based filler is able to improve the wear abrasion resistance and the stiffness
of the polymer composite [42]. Thus, these characteristics make the olive pit powders an
interesting contender for a suitable filler in polymeric composite materials, with great
promise in a variety of industrial demands.

Despite the aforementioned interesting olive pit features, however, this bio-based
material has never been considered as a filler in organic coatings and paints. Nevertheless,
arecent study has highlighted the outcomes of applying various concentrations of untreated
olive pit powder in a waterborne paint [43]. The research showed that the bio-based filler
can serve as a versatile pigment, which can enhance the mechanical properties of the
polymeric matrix, such as abrasion resistance, hardness, and static coefficient of friction,
while also supplying specific aesthetic appeal. Otherwise, accelerated degradation tests,
such as salt spray chamber and UV-B exposures, proved the lignocellulose-based filler’s
propensity to absorb water and its severe chemical-physical deterioration. In fact, the olive
pit granules provoked several undesired water uptake phenomena, which happened as a
result of the lignocellulose material’s inherent qualities of high hydrophilicity [41,44,45].

Obviously, these negative occurrences have resulted in a significant reduction in the
protective properties of the paint. Consequently, the novelty and the objective of this
research are the assessment of the impact of two different surface conversion treatments
of the olive pit powders in order to increase their hydrophobicity and ensure the barrier
performance of the waterborne paint. The study is aimed at revealing whether specific
surface conversion processes of olive pit granules are able to guarantee their application
as protective fillers in organic coatings. The granules were extracted from the olive pit
and functionalized with silane and wax by the manufacturer, BioPowder [46]. Silane and
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wax were used as coupling agents in the surface conversion process as they are renowned
in the literature for their excellent hydrophobic properties [47-50]. The coatings were
spray-deposited and characterized, comparing the behavior of the two functionalized
powders with that of the untreated granules. Scanning electron microscope (SEM) and
colorimetric analysis were used to examine the morphological and aesthetic characteristics
of the samples, respectively, to determine the effect of the surface conversion treatment of
the olive pit additives. Finally, several accelerated degradation tests and electrochemical
analyses ware employed to assess the result of the functionalization of the bio-based
fillers on coatings durability, highlighting the hydrophilic/hydrophobic role of the olive
pit powders.

2. Materials and Methods
2.1. Materials

The untreated olive pit powders and the granules functionalized with silane and
wax were furnished by BioPowder (Birkirkara, Malta). Acetone was acquired from Sigma-
Aldrich (St. Louis, MO, USA) and utilized. The carbon steel substrate (Q-panel type R
(0.15 wt.% C-Fe bal.)—40 mm x 70 mm X 2 mm dimensions) was bought by Q-lab (West-
lake, OH, USA). The waterborne 2K acrylic-based white primer paint ECOFILLER EQW
and the waterborne 2K polyurethane-acrylate transparent top-coat paint IDROPUR ZW
01 were supplied by EP Vernici (Solarolo, Italy). Sodium chloride (>99.0%) and ethanol
(99.8%) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received.
The commercial detergent disinfectant product Suma Bac D10 Cleaner and Sanitiser (Di-
versey Inc., Fort Mill, SC, USA) containing benzalkonium chloride (3.0-10.0 wt.%) and the
cataphoretic red ink Catafor 502XC (Arsonsisi, Milan, Italy) were purchased and used for
the liquid resistance tests.

2.2. Coatings Deposition

The carbon steel frames had a pre-treatment to enhance paint adhesion, employing an
ultrasound degrease process with acetone for two minutes, followed by a mechanical pick-
ling step carried out with a sandblasting treatment involving corundum powder (0.2 mm
diameter—70 mesh). The process introduced a roughness (Ra) equal to 3.21 &+ 0.14 um in
the steel substrates. In order to get rid of any remaining corundum particles and other
contamination, a further acetone degreasing step was used.

Four sample series were produced, as summarized in Table 1.

Table 1. Labelling of samples with various olive pit powder fillers.

Sample Nomenclature Olive Pit Powder (2 wt.%) in the Top Coat
T /
O untreated
S functionalized with silane
W functionalized with wax

First, a coating of white acrylic-based primer with a thickness of around 100 um
was applied using a spray technique. This layer was then dried for 30 min in an oven
at 60 °C. The top-coat paint was therefore sprayed on and heated for 60 min at 60 °C
to cure. A thickness of roughly 200 um was observed in the ultimate coatings (primer +
top coat). The four-sample series differ in the formulation of the top coat: while sample
T was realized with the unmodified commercial product, samples O, S, and W were
deposited by introducing a 2 wt.% of olive pit-based filler into the polyurethane matrix.
The concentration of 2 wt.% was chosen, as it was demonstrated in a previous work [43] to
be able to provide multifunctionality to the paint, without introducing significant defects.
The three different formulations were realized by mixing the polyurethane matrix with its
catalyst and the olive pit powders: To ensure the olive pit granules were evenly distributed
throughout the solutions, an ultrasonic probe was used to stir the mixtures for 30 min.
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Sample O contained the pure untreated olive pit powders and was used as a reference
for the other samples to highlight the importance of the powder functionalization process.
In contrast, sample S and sample W contain silane- and wax-functionalized powders,
respectively. The three typologies of fillers were obtained from byproducts of olive oil
extraction. The olive pit chunks were first mechanically removed from the pulp and shell
remains. Thus, the powders were physically washed, left to dry, and filtered according
to the size of their granules. Finally, the surface conversion treatments of the fillers with
silane and wax were carried out by the olive pit powders manufacturer, BioPowder [51].
Unfortunately, the functionalization process carried out by the company is under industrial
secrecy, so no further information can be provided on the type of silane and wax used in
the surface conversion treatments of the olive pit powders.

2.3. Characterization

The structure of the granules of the three types of fillers and the layers’ cross-sections
were examined with the low-vacuum scanning electron microscope (SEM) JEOL IT 300
(JEOL, Akishima, Tokyo, Japan), to evaluate the compatibility of the polymeric matrix with
the bio-filler. Using Image] software, the SEM pictures were examined to determine the
size distribution of the powders. The appearance of the samples was investigated with the
optical stereomicroscope Nikon SMZ25 (Nikon Instruments, Amstelveen, The Netherlands)
and with a Konica Minolta CM2600d spectrophotometer (Konica Minolta, Chiyoda, Tokyo,
Japan), using a D65/10° illuminant/observer configuration in SCI mode, evaluating the
coloring contribution of the bio-based filler.

The effect of the olive pit functionalization on paint durability was investigated by
means of different accelerated degradation tests. The samples were exposed in a salt spray
chamber (Ascott Analytical Equipment Limited, Tamworth, UK) for 500 h, following the
ASTM B117-11 standard [52] (5 wt.% sodium chloride solution), to assess the influence of
the bio-based filler on the corrosion protection performance of the coatings in a particular
aggressive environment. A mechanical scratch was realized on the surface of the painted
samples to evaluate the adhesion of the coatings and analyze the role of the functionalized
filler in affecting possible water uptake phenomena.

In order to evaluate the effect of the filler on the surface wettability of the coatings,
contact angle measurements were performed following the ASTM D7334/08 [53] standard.
A Nikon 60 mm lens f/2.8 for macro pictures was used, and the wetting angle was measured
by using the NIS-Elements Microscope Imaging software (Windows Version). The drops
were formed with a syringe and dropped from a height of about 2 cm. Once the drop
was focused the picture was captured, the wetting angle was measured by means of the
imaging software. In total, 10 measurements were performed for each sample to obtain
statistical validity.

Moreover, the influence of the powders on the barrier properties of the top coat was
explored with the chemical resistance tests, according to the GB/T 1733-93 standard [54].
A filter paper was dipped in 15.0% sodium chloride solution, 70.0% medical ethanol,
detergent (50.0 wt.% Suma Bac D10), and red ink, respectively, to evaluate the coatings’
behavior. Thus, the filter paper was placed on the surface of the coatings and covered with
a glass cover. After 24 h, the glass cover and filter paper were removed, and the residual
liquid on the coating surface was absorbed. The imprint and discoloration were evaluated
with the colorimetric analyses. The test was carried out on five samples per series.

Otherwise, the coatings were subjected to UV-B light employing an UV173 Box
Co.Fo.Me.Gra (Co.Fo.Me.Gra, Milan, Italy), following the ASTM D4587-11 (2019) stan-
dard [55]. The experiment was conducted by combining cycles of 4 h each of exposure
to UV-B radiation (313 nm—60 °C) and condensed vapor (50 °C), for a total of 200 h. The
deterioration of the samples was investigated by FTIR infrared spectroscopy measurements
(in attenuated total reflection ATR mode) and colorimetric analyses, monitoring the samples
after 24, 48, 100, and 200 h of exposure to UV-B light. The FTIR spectra were acquired with
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a Varian 4100 FTIR Excalibur spectrometer (Varian Inc., Santa Clara, CA, USA), to assess
the chemical modifications of the polymeric matrix.

Finally, the protective features of the composite coatings were studied by means of
Electrochemical Impedance Spectroscopy (EIS) measurements, carried out with a poten-
tiostat Parstat 2273 (Princeton Applied Research by AMETEK, Oak Ridge, TN, USA) with
the software PowerSuit ZSimpWin (version 2.40) and applying a signal of about 15 mV
(peak-to-peak) amplitude in the 105-10-2 Hz frequency range. The cell setup was composed
of an Ag/AgCl reference electrode (+207 mV SHE) and a platinum counter electrode,
immersed in the 3.5 wt.% sodium chloride solution. The samples were kept immersed in
the test solution for a total of 500 h, with a testing area equal to 6.5 cm?. The measurements
were carried out on five samples per series.

3. Results and Discussion
3.1. Powders and Coatings Morphology and Aesthetic Features

Figure 1 reveals the morphology and size distribution of the three different powders
involved in this study. The three images, acquired by SEM, highlight an irregular structure
of the powders, which is typical of olive pit derivatives [36,43,56-58]. Energy-dispersive X-
ray spectroscopy (EDXS, Bruker, Billerica, MA, USA) analysis carried out on the untreated
powder demonstrated its lignocellulose nature, as it is mostly made up of carbon and
oxygen (67.8 wt.% and 30.2 wt.%, respectively), in conformity with the literature [36].
Typically, the lignocellulose biomass can be considered as comprised of lignin (20 wt.%),
hemicelluloses (25 wt.%), and cellulose (around 40 wt.%). Furthermore, it typically contains
additional elements like moisture (=10 wt.%), minerals (=1 wt.%), and proteins. [38,59].
The powders treated with wax showed a very similar elemental composition, as wax can
be considered as a mixture of esters, alcohols, and saturated acids. Otherwise, the analyses
carried out on the powder functionalized with silane showed traces of silicon (0.5 wt.%)
representative of the silane itself.

The functionalization process did not cause a significant modification of the morphol-
ogy of the powders, which all appeared similar. The graphs in Figure 1 represent the size
distribution of the granules of the three types of powders, realized by using Image] to
examine the SEM pictures. The distribution of the three graphs, as well as the D10, D50,
and D90 percentile values, are very similar. The average size of the powders resides at
approximately 11 um, while almost all of the granules do not exceed 55 pm. Thus, the
surface conversion treatment carried out with silane or wax does not alter the structural
morphology of the olive pit powder, nor does it influence the size of the granules. However,
although the two surface conversion processes with silane and wax did not cause an evident
morphological and structural change in the powders, the three types of fillers showed a
different protective behavior, as will be described later.

Thus, the three series of powders were employed for the deposition of the coatings
summarized in Table 1. The samples underwent a brittle fracture process in liquid nitrogen
to observe the layer cross-section via SEM analysis. The investigation was carried out to
analyze the interaction of the bio-based fillers with the paint matrix. Figure 2 represents
the cross-section of sample S (containing the powder functionalized with silane): the
image clearly shows the two layers constituting the coating, such as the primer and the
top coat. The two films have similar thickness, of about 100 um, and appear compact,
homogeneous, and free of bubbles, which represent frequent imperfections of the layers
deposited with the spray technique [60]. The presence of the filler in the top coat can
be appreciated by a single granule of powder, still well anchored in the layer even after
being subjected to a brittle fracture procedure. This phenomenon, observed in all three
samples containing the bio-based filler, is representative of a favorable interaction between
the olive pit powders and the polymeric matrix of the top coat. The literature describes
some problems of compatibility of olive pit powders with polymeric matrices: drawback
phenomena of the granules can lead to the development of phase boundary and cavity
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gaps [57,58]. However, the three series of powders employed in this work evidence fairly
strong integration with the polymer matrix.
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Figure 1. Size distribution analysis carried out with Image]J on (a) olive pit powder, (b) olive pit
powder functionalized with silane, and (c) olive pit powder functionalized with wax. The pictures of
the powders were acquired by SEM (scale bar: 200 pum).

100um

Figure 2. SEM micrograph of the cross-section of coating S, with the enhancement of an olive pit
granule embedded inside the top coat.
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Regardless of the functionalization process of the powder, the granules exhibit a solid
interaction with the polyurethane matrix of the top coat. In fact, the images in Figure 2
are just one example of the excellent interconnection between powder and paint matrix,
observed in all three series of samples O, S, and W. Therefore, the powders deriving
from olive pits are candidates for applications as filler/pigment in spray paints, thanks
to an excellent mixing with the paint and a good compatibility with the organic matrix of
the coating.

This aspect is highlighted even better by the images in Figure 3. The appearance of
samples O, S, and W is markedly different from that of sample T, which is free of bio-based
filler, both at the macro- (left) and microscopic (right) levels. The granules, homogeneously
dispersed in the top coat, provide a specific color to the coating. The functionalization of
the powders does not cause an evident color change in the granules, as the three samples
O, S, and W appear identical to each other.

(b)

(©) (d)
Figure 3. Top view micrographs of (a) sample T, (b) sample O, (c) sample S, and (d) sample W.

The colorimetric analyses in Figure 4 emphasize this feature, as the graph shows the
total color variation AE of the three samples containing the bio-based fillers compared to
the reference coating T. The ASTM E308 (2018) standard [61] expresses total color variation
AE as:

AE = [(AL*)? + (Aa*)? + (Ab*)*]!/2 )

where the colorimetric coordinates L*, a*, and b* represents the lightness (0 for black and
100 for white objects), the red-green coordinate (positive values are red, negative values are
green, and zero as neutral parameter), and the yellow-blue coordinate (yellow for positive
values, blue for negative values, and zero as neutral parameter), respectively.

The color change caused by the fillers is easily recognizable, as the average values of E
are around 12 for all three samples. As a color change with an E value of 1 is defined in
the literature as being perceptible even to the human eye [62,63], the samples O, S, and W
appear very different from the coating T, as stressed in Figure 3. In addition to the mean
value of AE, the error bars are also very similar between the three samples containing
the filler, proving that the functionalization process does not affect the appearance of
the granules.
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Figure 4. Change in appearance of the samples due to the contribution of the bio-based granules.

Table 2 exhibits the evolution of the colorimetric coordinates of the four series of
samples. The addition of the filler acts on all three colorimetric coordinates. The brightness
of the coating is reduced, as the granules cause a decrease in the coordinate L* of about
5-6 points. This is accompanied by a slight growth of the coordinate a* (with a tendency
towards red), but above all a clear increase in the value of b*, a symptom of a concrete shift
towards yellow tones.

Table 2. Colorimetric coordinates of the four series of samples.

Sample L* a* b*
T 93.51 —0.85 3.17
(@) 87.50 —0.06 13.76
S 88.30 —0.06 14.04
W 87.96 —0.03 14.14

Ultimately, the olive pit powders can be applied as pigment for paints, notably affect-
ing the appearance of the coating, regardless of whether they are subjected to a functional-
ization process or not.

3.2. Effect of Olive Pit Functionalization on Paint Durability

The olive pit powders are an ideal choice for a versatile pigment for water-based
paints applied by spray deposition due to their great coloring ability. However, a recent
work [43] highlighted some critical issues related to the application of the untreated olive
pit powder into paints. The addition of the granules into the waterborne paint have
resulted in the loss in the coating’s ability to protect against harsh environments, due to
the lignocellulose and hydrophilic nature of the olive pit powder [43]. For this reason,
the powders employed in this study were functionalized with silanes and wax to verify
whether the surface conversion process of the granules was able to reduce or even avoid
these problems, without compromising the protective performance of the paint. Thus,
the four series of samples were subjected to different accelerated degradation tests and
electrochemical analyses to assess the role of the functionalization process on the protective
features of the filler.

3.2.1. Salt Spray Test

Throughout the first 100 h of exposure in the salt spray chamber, the samples were
checked every 24 h. Until the test’s conclusion, the samples were checked every 100 h. An
artificial notch with a width of 1 mm was produced on the surface of the coatings with the
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intention of inducing the development of corrosive phenomena at the substrate—coating
interface. During the monitoring of the behavior of the samples, both the blister evolution
phenomena and the coating delamination processes at the notch were considered [64].

Figure 5 depicts the changes in the coatings’ appearance while they were subjected to
the salt spray chamber’s exposure. The aggressive atmosphere in the chamber inevitably
caused degradation phenomena in the four series of samples. Corrosion products de-
veloped form the notch, as it exposed the steel substrate to the chemical attack of the
chloride-rich test solution. Moreover, the solution absorption at the coating—substrate
interface in the proximity of the scratch gave rise to the growth of blisters. Finally, the
paint’s inherent porosity encouraged the development of water uptake phenomena even
far from the simulated defect.

T @) S W

oh . -

100h

|
|
!

| PSR F——— e ——
) |
ey e | L
7 N |

]
-1
-l

Figure 5. Coatings’ degradation during the exposure in salt spray chamber.

cm
+—>

Although these occurrences were observed on all sample series, the three different
types of fillers played a key role in the development of the blisters, and consequently on
the barrier effect of the composite coating. The images in Figure 5 show a real difference in
behavior between the four samples, but the graphs in Figure 6 better highlight the effect of
bio-based fillers on the durability of the paint. While Figure 6a shows the growth of the
number of blisters during salt spray chamber exposure, Figure 6b reveals the percentage
area of the coatings covered by these defects.
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Figure 6. Evolution of (a) the number of blister and (b) the surface covered by blister during sample
exposure in salt spray chamber.

Sample T shows a very rapid development of blisters, as a symptom of a limited barrier
effect of the waterborne paint. After 100 h, no new blisters rise, but the already existing ones
continue to grow in size, covering more and more surface area of the sample. The untreated
olive pit powder (sample O) causes an exacerbation of this phenomenon, with a greater
number of blisters and area conditioned by the defects. Furthermore, the decrease in blisters
observed after 200 h is due to the union of several bulges that come into contact, to form
large protuberances, even up to 5000 um. This phenomenon had already been observed in
the previous work [43] and is mainly due to the hydrophilic lignocellulose nature of the
olive pit [41,44,45], which promotes undesired water uptake occurrences [65,66]. With the
aim of masking the hydrophilic characteristic of the filler, the powders were functionalized
with silanes and wax. Indeed, the silane seems to considerably improve the behavior of the
granules (sample S). The blisters increase in size over time but are very limited in number.
Therefore, the defectiveness of the coating is greatly limited by the functionalized filler,
which even improves the barrier effect of the polyurethane matrix. On the other hand, the
wax (sample W) involves a reduction in the number of blisters compared to the filler-free
coating (sample T), but they still increase considerably in size. Furthermore, during the
test, several blisters develop at the notch, representing an ineffective barrier, such as that
evidenced by the silane-treated powders.

Figure 7 shows a focus of the notch of the samples after 500 h of exposure in the salt
spray chamber. Despite the good protective behavior of the functionalized powders, the
development of corrosion products in proximity of the artificial defect favors cathodic
delamination phenomena in all four series of samples. In this case, in the presence of a large
defect, the powders are unable to limit the phenomenon of cathodic delamination. The
effective detachment of the four types of coating even reaches 5000 pm away from the notch.
The coatings do not exhibit significant adhesion properties since the norm specifies 1000 pm
as the maximum threshold for the detachment distance from the cutting region [52].

Therefore, the surface conversion process of the olive pit powders, and in particular
the one with silane, seems to lead to a reduction of the hydrophilic features of the filler,
with a consequent improvement in the protective performance of the paint, only on the
condition that the coating is intact. The presence of a macroscopic defect, such as the
artificial notch shown in Figures 5 and 7, in fact, compromises and nullifies the protective
properties of the filler. Ultimately, the study demonstrates that the correct functionalization
of the powders can ensure their application as a bio-based pigment and protective filler in
water-based paints. However, it is necessary to pay attention to the integrity of the coating
itself, which must necessarily possess limited defectiveness, in order to best exploit the
protective contribution of the functionalized granules.
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Figure 7. Cathodic delamination at the artificial notch of (a) sample T, (b) sample O, (c) sample S,
and (d) sample W, after 500 h of exposure in the salt spray chamber.

3.2.2. Contact Angle Measurements and Paint Liquid Resistance

With the aim of better analyzing the water repellency characteristics of the surface of
the coatings and to assess in detail the hydrophobic role of the functionalized powders, the
samples were subjected to apparent contact angle measurements and liquid resistance test.

Since the samples’ exposure in the salt spray chamber revealed positive behavior
due to the presence of functionalized fillers, the wettability of the surfaces was firstly
investigated to understand whether the protective contribution of the powders was mainly
superficial. The results of the wettability test are tabulated in Table 3, and represent the
average of 10 measurements per sample, while Figure 8 shows some images acquired
during the measurements. Since the size of the drop is considerably greater than the surface
and morphological irregularities of the coatings, those measured and expressed in Table 3
and in Figure 8 represent the apparent and not actual contact angle values. The test does
not show a clear difference in behavior between the four sets of samples. The degree of
wettability of the paint does not seem to be significantly influenced by the presence of
fillers. However, the untreated powder (sample O) causes a slight decrease in the apparent
contact angle, due to the hydrophilic nature of the olive pit. The angle values increase again
in the presence of functionalized powders (samples S and W) to achieve results similar to
the reference paint (sample T).
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Table 3. Contact angle measurements (6).

Sample e ()
T 75+4
@) 71+£1
S 76 £3
w 80+£5

(a)

Figure 8. Contact angle measurements of (a) sample T, (b) sample O, (c) sample S, and (d) sample W.

The results indicate that the bio-based filler does not offer a protective contribution
at the ‘superficial’ level. The presence of powders nearby the surface of the coating is
probably so low that it cannot act significantly on the wettability values of the coating.
The concentration of filler equal to 2 wt.%, despite being high in absolute terms, is not
sufficient for an adequate distribution of powder to be present on the surface of the layer.
Therefore, the results expressed by the salt spray chamber exposure test are mainly due to
the contribution of the filler within the bulk of the coating. However, the slight difference
between the apparent contact angles of the samples S and W, with respect to coating
O, suggests that the functionalization process has an effective hydrophobic contribution,
which is observable even in the presence of small amounts of powder in proximity of the
layer external surface.

To better analyze the behavior of the filler on a macroscopic level, the samples were
subjected to the liquid resistance test. In fact, the literature suggests employing the liquid
resistance test to evaluate the effect of certain fillers, whether they are pigments [67,68]
or multifunctional powders [69], on the barrier properties of waterborne paints. Figure 9
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summarizes the results of the chemical resistance test carried out on the four series of
samples, which were evaluated considering their color change. The values included in
the graph represent the degree of discoloration of the paint due to the contact with the
liquid, whose relationship with the color change is explained in the Table 4 [70]. The paint
performs better the lower its rating for chemical resistance.
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Figure 9. Coatings color changes of the samples after contact with liquids. The numbers above the
columns are representative of the levels in Table 4.

Table 4. Color difference values corresponding to the level of discoloration.

Level Degree of Discoloration Color Difference
0 no discoloration <15
1 very slight fading 1.6-3.0
2 slight color change 3.1-6.0
3 apparent discoloration 6.1-9.0
4 severe color change 9.1-12.0
5 complete discoloration >12.0

The graph in Figure 9 reveals and confirms a clearly evident behavior: the untreated
powder (sample O), with its hydrophilic nature, favors the absorption and penetration
of the liquid inside the coating, leading to a significant color change in some cases. In
fact, the values of AE of sample O are always higher of that of the reference coating T. On
the other hand, the functionalized powders cause a reduced color change, confirming the
good hydrophobic behavior exerted by the silane and the wax. Specifically, once again, the
powder functionalized with silane (sample S) shows the best behavior, with color change
values AE lower than the pure polyurethane paint (sample T).

The two tests, namely the contact angle measurements and the liquid resistance
test, reveal the contribution of the surface conversion process of the olive pit powders in
reducing their undesired hydrophilic characteristics. The results confirm and validate the
output of the exposure of the samples in the salt spray chamber, highlighting the excellent
behavior of the powders functionalized with silane.

3.2.3. UV-B Exposure

Despite the UV light can results in the photo-oxidative degradation of the polymer [71],
waterborne polyurethane-acrylate materials based on aliphatic isocyanate provide strong
protection against the chemical-physical degradation caused by UV light [72,73]. Otherwise,
the main components of the olive pit, lignin and cellulose, tend to degrade significantly
when exposed to sunlight [74,75]. As a matter of fact, the previous study on the use of dif-
ferent concentrations of olive pit powder had highlighted a high degradation phenomenon
of the lignin- and cellulose-based filler when exposed to UV-B radiation [43]. Furthermore,
this powder decay process was associated with the absorption into the coating of the
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moisture present in the UV chamber, due to alternating cycles of UV-B radiation and vapor
condensation atmosphere. Consequently, the same exposure test was performed with the
four series of samples of this study, verifying the protective behavior of the functionalized
filler when subjected to stresses that could lead to its chemical degradation.

Figure 10 exhibits the changes of the FTIR spectra of the four samples during the
exposure to UV-B light. Figure 10a shows the spectra of the pure polyurethane-acrylate
matrix (sample T), free of any bio-based filler. The absorption band between 3400 and
3300 cm ! corresponds to the stretching vibration of the NH bond, as characteristic of
urethane and urea groups. The stretching region between 3000 and 2800 cm ! is correlated
to the -CH and ~CHj groups, while the two intense peaks at about 1724 and 1683 cm ! can
be assigned to the typical carbonyl absorption band and the urethane and urea carbonyl
groups, respectively [76]. The band at 1529 cm ™! is associated to the N-H deformations [77],
while the peaks at 1460 and 1378 cm ! refer to the bending of CH, aliphatic. The signals
at 1238 and 1142 cm ™! can be attributed to N-H bending and to the coupled C-N and
C-O stretching vibrations. Finally, the peaks at 843 and 764 cm~! represent the C-H
stretching and to the ester C-O-C symmetric stretching vibration, respectively [78]. As the
acryl-polyurethane paint is based on water-soluble acrylic-modified resins and aliphatic
isocyanate, coating T is not affected by the exposure to UV radiation [43]. Thus, the spectra
of sample T did not evolve during the accelerated degradation test.
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Figure 10. Evolution of the FTIR spectra of (a) sample T, (b) sample O, (c) sample S, and (d) sample
W, during the exposure to UV-B radiation.

As observed in the previous work [43], the amount of filler introduced into the paint
cannot be appreciated by FTIR analysis. Consequently, the spectra of samples O, S, and W
are quite similar to those of samples T, as the peaks related to the lignocellulose materials
are exact duplicates of those in the polymer matrix. The absorption band between 3400 and
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3300 cm ! is attributed to the stretching vibration of the -OH group [79]. Differently, the
stretching region between 3000 to 2800 cm ™! corresponds the -CH group of cellulose, hemi-
cellulose, and lignin [80]. The signal at around 1700 cm~! can be assigned to the stretching
vibrations of the unconjugated C=0 group and specific moieties of the polymeric chains
present in the lignocellulose, such as esters [81]. The band at 1460 and 1530 cm ! represent
the C-H deformation vibration and aromatic skeletal vibration of lignin, respectively [82].
Finally, the peak at 1238 cm ™! is attributed to the C-O stretching. Since the spectra of the
three samples containing the bio-based fillers did not undergo changes during the test,
the infrared analyses could suggest an excellent durability and resistance to ultraviolet
radiation of the coatings O, S, and W.

However, the colorimetric inspections of Figure 11 reveal a high color change AE of
these three samples during exposure to UV-B radiation. While the polymeric matrix (sample
T) did not undergo considerable alterations, the lignin-based fillers show a rapid color
change, which causes the concrete modification of the appearance of the three coatings O, S,
and W. After all, the photo-oxidation occurrence of the wooden material, which constitutes
the olive pit filler, was predictable [43]. The functionalization process with silane or wax
does not alter this degradation process of the filler, and consequently, it is not possible to
appreciate a difference in behavior between the three samples O, S, and W.
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Figure 11. Total color variation during UV-B exposure.

Again, the performance of these three samples is distinguished by the hydrophilic/
hydrophobic characteristics of the bio-based filler they contain. UV radiation was alternated
with condensed vapor exposure cycles in order to observe possible water uptake phenom-
ena facilitated by the physical-chemical degradation of the polymer matrix and fillers. The
result of these phenomena is highlighted in Figure 12, which reveals the evolution of the
number and dimension of blisters in the samples (Figure 12a and Figure 12b, respectively)
during the test.

The water uptake occurrence took place very quickly, mainly during the first 50 h
of the experiment. Compared to the pure polymeric matrix (sample T), the untreated
olive pit granules (sample O) caused the development of a greater number of blisters of
smaller dimensions. This event arises due to the hydrophilic nature of the lignocellulose
filler, whose granules represent sites of easy permeation of humidity in the polyurethane
matrix. Otherwise, although samples S and W have slightly larger blisters, their number is
drastically reduced, confirming the good hydrophobic behavior of functionalized fillers.
The entire water uptake phenomenon is restricted to limited spots, as the filler exerts a
good barrier effect, improving the performance of the polyurethane matrix.
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Figure 12. Evolution of (a) the number and (b) the dimension of blisters developed during UV-B exposure.

Finally, Figure 13 shows the morphology of the blister observed in the four samples at the
end of the test. Sample S still confirms the best performance, as the blisters are slightly smaller in
size and number than those of sample W. This is further confirmation of the greater effectiveness
of the surface conversion process of the granules using silane, rather than wax. The industrial
functionalization process does not avoid the photo-oxidative degradation of the lignocellulose
material, as evidenced by the color change in Figure 11, but it is still able to reduce the water
uptake occurrence due to the hydrophilic nature of the olive pit.

(b)

(©) (d)

Figure 13. Blister appearance of (a) sample T, (b) sample O, (c) sample S, and (d) sample W, after
200 h of exposure to UV-B radiation.
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3.2.4. Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) measurements are widely used to
assess the protective properties of paints [83], evaluating their defectiveness or degree
of adhesion [84]. The Bode impedance moduli measured at low frequencies (1072 Hz),
defined as | Z1 1), is a parameter which gives a rough quantitative estimate of the level
of protection the coating affords. Various literature works define the | Z1 1) value as
10° Q)-cm? as the lower limit for defining a coating as “protective’ [85].

Thus, the protective behavior of the four series of coatings was evaluated by recording
the development of their impedance module | Z1 1y over time. Figure 14 depicts the
change in the parameter |1Z1 ) over the course of the samples’ 500-hour exposure
to the test solution. Since all four samples show |Z1 1) values that never fall below
the threshold limit of 10° Q-cm?, the test result suggests that the coatings of the four
series provide adequate protection to the steel substrate. In confirmation of the previous
results, the powders functionalized with silane of sample S seem to offer greater protective
guarantees than the other types of fillers (samples O and W). However, the graph shows an
unexpected trend: while the three coatings containing the fillers show a decrease of |Z1 1)
over time, typical of an organic layer, the sample T exhibits an increase of the impedance
modulus during the measurements. This result does not represent a better protective
feature of the pure polyurethane matrix of the coating T, but rather suggests that the layer
has poor adhesion, and the penetration of test solution into the polymeric matrix favors
bulging phenomena. The tendency for solution absorption and the resultant production of
corrosion products increases the resistive effect of the system. This phenomenon falsifies
the result of the EIS measurements but highlights a poor protection of the coating when in
contact with an aggressive solution.
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Figure 14. Bode impedance modulus | Z1 1) evolution with time.

To better analyze the behavior of the four samples and explain the results exhibited in
Figure 14, the evolution of the Bode phase spectra is displayed in Figure 15. The spectrum at
t = 0 h of Figure 15a (sample T) highlights a single asymmetric broad peak, representing the
high-frequency time constant, associated to the dissipation phenomena that occur through
the coating [86]. Already after 24 h, a shoulder at low frequency (~10° Hz) develops. This
outcome is representative of a second low-frequency time constant that is typical of the
reactions at the coating—substrate interface. Once more, this second time constant points to
a non-trivial issue in the layer. Furthermore, the peak grows in size over time, a symptom
of a dissipation process at the substrate interface that is constantly evolving during the
test. Figure 15b (sample O) shows a clearer and more standard trend. Already at the
beginning of the test, two well-defined and isolated peaks were observed, representative
of the two time constants. Therefore, the system is immediately affected by the defects
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of the coating, represented by the second time constant (~10° Hz). Subsequently, this
low-frequency time constant disappears, and the curves shift towards high-frequency
values. These occurrences allude to a decrease in the coatings’ insulating abilities as a result
of the absorption of solution into the layer, along with associated dissipative phenomena
that take place at the metal’s surface. Therefore, even the coating O does not seem to offer
good protective guarantees, as already highlighted by the previous tests. The situation
is different for sample S and sample W (Figure 15¢ and Figure 15d, respectively). The
trend of the spectra is typical of a protective coating: a single time constant curve at high
frequencies, which shifts over time towards higher frequencies [87]. Although very similar,
the curves of the sample S exhibit a smaller shift over time, confirming the better protective
performance of the coating containing the powders functionalized with silane.
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Figure 15. Bode phase spectra evolution with time of (a) sample T, (b) sample O, (c) sample S, and
(d) sample W.

Ultimately, the impedance measurements confirm what has already been observed:
the importance of the bio-based filler surface conversion process. The untreated powders
do not represent a protective filler, as their hydrophilic nature facilitates the absorption of
solution into the polymeric matrix. Conversely, the treatment with silane, even more than
with wax, increases the hydrophobicity of the granules, with a consequent improvement in
the barrier performance of the composite coating.

4. Conclusions

This work highlights the effectiveness of the functionalization of olive pit granules,
with the aim to increase their hydrophobicity and improve their protective performance
as green filler for eco-sustainable paints. The untreated bio-based filler, which can be
applied as multifunctional pigment, has several issues related to its hydrophilic nature.
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Conversely, the powders treated with silane and wax significantly increase the durability
of the composite coating.

The functionalization process does not modify the morphology of the filler, nor does it
affect its compatibility with the polymeric matrix of the coating. In fact, the granules exhibit
a solid interaction with the polymeric matrix, as well as after the fragile nitrogen fracture
processes. Furthermore, the aesthetic features and the coloring power of the granules
are not negatively influenced by the surface conversion treatments with silane and wax.
Thus, the color coordinates of the three coatings containing the bio-based filler have almost
identical values, and the appearance of the three series of layers cannot be distinguished
by eye.

The increase in hydrophobicity of the filler exerted by the silane and the wax causes
a reduction in the water uptake phenomena of the samples exposed in the salt spray
chamber, which results in a decrease in the number and size of blisters developed during
the test. However, this phenomenon occurs in the case of intact coatings: the presence of
macroscopic defects, in fact, compromises and nullifies the protective properties of the filler.

Although the macroscopic level of surface hydrophobicity of the coating is not con-
cretely reduced by the functionalized filler, as evidenced by the contact angle measurements,
the tests of resistance to liquids of the paints show a fundamental role of the two function-
alized powders in mitigating the absorption of the test solutions. The wax and the silane
considerably reduce the discoloration phenomenon that the untreated olive pit granule
undergoes in contact with the test liquids.

The industrial functionalization process does not avoid the photo-oxidative degrada-
tion of the lignocellulose material when exposed to UV radiation, but it is still able to reduce
the water uptake phenomena in the paint. Specifically, silane, even more than wax, proves
to be able to reduce the number and size of blisters due to the absorption of humidity in
the polymeric matrix, despite the evident decay of the lignocellulose filler.

Finally, the impedance measurements highlight the importance of the bio-based filler
surface conversion process in increasing the hydrophobicity of the granules, with the
consequent improvement of the barrier performance of the composite coating. The silane
causes an increase of an order of magnitude of the impedance modulus | Z1 ¢ o1y compared
to the untreated filler, even after prolonged contact (500 h) with the test solution.

In conclusion, the work demonstrates how it is actually possible to use waste from the
agro-food industrial field as a filler in eco-sustainable paints, through suitable surface con-
version processes that increase its hydrophobicity and consequently improve its protective
performance. The treatment with silane, even more than with wax, shows the best result
and is proposed as an effective material for the surface conversion of lignocellulose fillers.
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